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(54) Reliquefaction of compressed vapour 



(57) Liquefied natural gas is stored in an insulated 
tank 4, typically forming part of an ocean going tanker. 
Boiled off vapour is compressed in a compressor 20 and 
at least partially condensed in a condenser 50. The re- 



sulting condensate is returned to the tank 4. The vapour 
is mixed with liquefied natural gas in a mixing chamber 
32 upstream of the compressor 20. The liquefied natural 
gas so mixed with the vapour in the mixing chamber 32 
is taken from the condensate or from the storage tank 4. 
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Description 

[0001] This invention relates to a method and appa- 
ratus for the reliquefaction of a compressed vapour, par- 
ticularly a method and apparatus which are operable on 
board ship to reliquefy natural gas vapour. 
[0002] Natural gas is conventionally transported over 
large distances in liquefied state. For example, ocean 
going tankers are used to convey liquefied natural gas 
from a first location in which the natural gas is liquefied 
to a second location in which it is vaporised and sent to 
a gas distribution system. Since natural gas liquefies at 
cryogenic temperatures, i.e. temperatures below 
-100°C, there will be continuous boil-off of the liquefied 
natural gas in any practical storage system. Accordingly, 
apparatus needs to be provided in order to reliquefy the 
boiled-off vapour. In such an apparatus a refrigeration 
cycle is performed comprising compressing a working 
fluid in a plurality of compressors, cooling the com- 
pressed working fluid by indirect heat exchange, ex- 
panding the working fluid, and warming the expanded 
working fluid in indirect heat exchange with the com- 
pressed working fluid, and returning the warmed work- 
ing fluid to one of the compressors. The natural gas va- 
pour, downstream of a compression stage, is at least 
partially condensed by indirect heat exchange with the 
working fluid being warmed. One example of an appa- 
ratus for performing such a refrigerant method is dis- 
closed in US patent 3 857 245. 

[0003] According to US patent 3 857 245 the working 
fluid is derived from the natural gas itself and therefore 
an open refrigeration cycle is operated. The expansion 
of the working fluid is performed by a valve. Partially 
condensed natural gas is obtained. The partially con- 
densed natural gas is separated into a liquid phase 
which is returned to storage and a vapour phase which 
is mixed with natural gas being sent to a burner for com- 
bustion. The working fluid is both warmed and cooled in 
the same heat exchanger so that only one heat ex- 
changer is required. The heat exchanger is located on 
a first skid-mounted platform and the working fluid com- 
pressors on a second skid-mounted platform. 
[0004] Nowadays, it is preferred to employ a non- 
combustible gas as the working fluid. Further, in order 
to reduce the work of compression that needs to sup- 
plied externally, it is preferred to employ an expansion 
turbine rather than a valve in order to expand the work- 
ing fluid. 

[0005] An example of an apparatus which embodies 
both these improvements is given in WO-A-98/43029. 
Now two heat exchangers are used, one to warm the 
working fluid in heat exchange with the compressed nat- 
ural gas vapour to be partially condensed, and the other 
to cool the compressed working fluid. Further, the work- 
ing fluid is compressed in two separate compressors, 
one being coupled to the expansion turbine. 
[0006] WO-A-98/43029 points out that incomplete 
condensation of the natural gas vapour reduces the 



power consumed in the refrigeration cycle (in compari- 
son with complete condensation) and suggests that the 
residual vapour - which is relatively rich in nitrogen - 
should be vented to the atmosphere. Indeed, the partial 
5 condensation disclosed in WO-A-98/43029 follows well 
known thermodynamic principles which dictate that the 
condensate yield is purely a function of the pressure and 
temperature at which the condensation occurs. 
[0007] Typically, the liquefied natural gas may be 
10 stored at a pressure a little above atmospheric pressure 
and the boil-off vapour may be partially condensed at a 
pressure of 4 bar. The resulting partially condensed mix- 
ture is typically flashed through an expansion valve into 
a phase separator to enable the vapour to be vented at 
15 atmospheric pressure. Even if the liquid phase entering 
the expansion valve contains as much as 10 mole per 
cent of nitrogen at 4 bar, the resulting vapour phase at 
1 bar still contains in the order of 50% by volume of 
methane. In consequence, in a typical operation, some 
20 3000 to 5000 kg of methane may need to be vented daily 
from the phase separator. Since methane is recognised 
as a greenhouse gas such a practice would be environ- 
mentally unacceptable. 

[0008] It is therefore desirable to return any flash gas 

25 and any uncondensed vapour to the LNG storage tanks 
of the ship with the condensate. The return of vapour to 
the storage tanks would in turn tend to enhance the mole 
fraction of nitrogen in the ullage space of the storage 
tanks and thereby give rise to two disadvantages. First, 

30 as the concentration of nitrogen in the boil-off gas rises, 
so more work needs to be performed to condense a giv- 
en proportion of the boil-off gas. Second, variations in 
the composition of the boil-off gas make the refrigeration 
cycle more difficult to control. 

35 [0009] The method and invention according to the in- 
vention are aimed at mitigating the problems that are 
caused when vapour is returned with condensed natural 
gas to a liquefied natural gas (LNG) storage tank. 
[0010] According to the present invention a method of 

40 reliquefying vapour boiled off from liquefied natural gas 
held in a storage tank comprising compressing the va- 
pour, at least partially condensing the compressed va- 
pour, and returning the condensate to the storage tank, 
characterised in that the boiled off vapour is mixed up- 

45 stream of the compression with liquefied natural gas. 
[0011] The invention also provides apparatus for rel- 
iquefying vapour boiled-off from liquefied natural gas 
held in a storage tank comprising, the apparatus com- 
prising a flow circuit comprising a vapour path extending 

50 from the tank through a compressor to a condenser for 
at least partially condensing compressed boiled-off va- 
pour and a condensate path extending from the con- 
denser back to the storage tank, characterised in that 
the apparatus additionally comprises a conduit for the 

>5 flow of liquefied natural gas into at least one mixer form- 
ing part of the flow circuit upstream of (i.e. on the suction 
side of) the compressor. 

[0012] Preferably, the flow of liquefied natural gas is 
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taken from storage, or from the condensate itself en 
route to storage. 

[0013] There are various advantages given by the 
method and apparatus according to the invention. In 
particular since the nitrogen mole fraction in the liquefied 
natural gas is less than the nitrogen mole fraction in the 
boiled-off vapour and even less than that in flash gas 
formed by the expansion through the valve of the con- 
densed boil-off vapour, dilution of the boiled-off vapour 
with the liquefied natural gas tends to dampen swings 
in the composition of the vapour phase in the storage 
tank that would otherwise occur were the characterising 
feature of the method and apparatus according to the 
invention to be omitted. Dilution of the vapour upstream 
of the compressor makes it possible to reduce fluctua- 
tions in the work of compression arising from fluctua- 
tions in the temperature of the vapour. These fluctua- 
tions arise mainly from changes in the loading of the 
storage tanks. Preferably, the inlet temperature of the 
boiled-off vapour to the compressor is maintained sub- 
stantially constant. If desired, there is an absorber of liq- 
uid droplets at a position upstream of the inlet to the 
compressor so as to remove any residual droplets of liq- 
uid hydrocarbon arising from the mixing of the vapour 
with the liquefied natural gas at the second location 
though generally this measure will not be necessary. 
Mixing upstream of the compression is particularly im- 
portant when the storage tank is only lightly laden with 
LNG, for example after the main part of the LNG has 
been off-loaded. During normal operation however, it is 
preferred to perform the mixing with a stream of LNG 
that is diverted from the condensation path. It then be- 
comes unnecessary to employ any mechanical pump to 
withdraw LNG from storage for the purposes of temper- 
ature control. 

[0014] There are a number of different preferred ad- 
ditional locations for effecting the mixing of the boiled- 
off vapour or its condensate with the liquefied natural 
gas. A first preferred additional location is downstream 
of the boiled-off vapour compressor but upstream of the 
inlet to the condenser for the vapour. Preferably, the mix- 
ing at this location is controlled so as to maintain a con- 
stant vapour temperature at the inlet to the condenser. 
By so controlling the temperature it is possible to reduce 
fluctuations in the demand for refrigeration of the con- 
denser which can particularly arise from changes in the 
volume of liquefied natural gas being held in the storage 
tank. 

[001 5] Preferably, in order to effect the mixing at this 
additional location, a second mixing chamber is provid- 
ed with a first inlet for the vapour and a second inlet for 
liquefied natural gas in finely divided form. Preferably, 
the second inlet has a flow control valve associated with 
it, the position of the second flow control valve being 
automatically adjustable so as to maintain the temper- 
ature of the vapour at the inlet to the condenser sub- 
stantially constant. 

[0016] Another preferred additional location for the 



mixing is downstream of the condenser. More prefera- 
bly, this other additional location is downstream of an 
expansion valve or pressure regulating valve in the con- 
densate path. Accordingly the pressure of the conden- 
5 sate is preferably reduced upstream of the other addi- 
tional location. 

[0017] If desired, the mixing may be performed at 
more than one of the above mentioned additional loca- 
tions. Indeed, it is sometimes preferred that it be per- 

10 formed at both of the above mentioned locations in ad- 
dition to upstream of the compressor, particularly when 
the storage is only lightly laden with LNG. During nor- 
mal, fully laden operation, however, mixing need take 
place only at a location upstream of the compression. 

is [0018] Preferably, the condensate is returned to the 
storage tank at a position below the surface of the liquid 
stored therein. It is desirable to introduce gas bubbles 
in the returning condensate in to the liquid phase in finely 
divided form so as to facilitate dissolution of residual un- 

20 condensed gas or flash gas formed as a result of the 
passage of the condensate through the expansion 
valve. 

[0019] Preferably, the condenser is cooled by a refrig- 
erant flowing in an essentially closed refrigeration cycle 

25 which preferably comprises compressing a working fluid 
in at least one working fluid compressor, cooling the 
compressed working fluid by indirect heat exchange in 
a heat exchanger, expanding the cooled working fluid in 
at least one expansion turbine, warming the expanded 

30 working fluid by indirect heat exchange in the condens- 
er, the working fluid thereby providing refrigeration to the 
condenser, and returning the warmed expanded work- 
ing fluid through the heat exchanger to the working fluid 
compressor. 

35 [0020] Preferably the apparatus according to the in- 
vention comprises a first support platform on which a 
first pre-assembly including the condenser is positioned 
and a second support platform on which a second pre- 
assembly is positioned, the second pre-assembly in- 

^0 eluding the working fluid compressor, the expansion tur- 
bine and the heat exchanger. Alternatively the heat ex- 
changer may form part of a third pre-assembly separate 
from the working fluid compressor and the expansion 
turbine. The second pre-assembly can be located in the 

45 engine room, or a specially ventilated cargo motor room 
in the deck house, of an ocean going vessel on which 
the apparatus is to be used. In these locations, the safe- 
ty requirements that the compressor and the expansion 
turbine are required to meet are not as high as in other 

50 parts of the ship, for example an unventilated cargo ma- 
chinery room. Preferably both p re-assemblies are 
mounted on respective platforms that are typically ship- 
mounted. 

[0021] Further, by locating the working fluid compres- 
55 sor and the expansion turbine on the same platform as 
one another, they can be incorporated in to a single ma- 
chine. Not only does employing a single working fluid 
compression/expansion machine simplify the appara- 
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tus, it also facilitates testing of the machinery prior to 
assembly of the apparatus according to the invention on 
board ship. If desired, a plurality of such compression/ 
expansion machines may be provided in parallel, typi- 
cally with only one operating at any one time. Such an 5 
arrangement enables continuous operation of the work- 
ing fluid cycle even if it is needed to take a machine in 
operation off-line for maintenance. The first pre-assem- 
bly is preferably located in the cargo machinery room 
within the deck house of the ocean going vessel. The 10 
first pre-assembly preferably includes the or each cham- 
ber in which the mixing of the boiled-off natural gas va- 
pour, either upstream or downstream of the condensa- 
tion, or both, with liquid natural gas from storage is per- 
formed. Alternatively the mixing chambers can be in- 15 
stalled on board the ship. 

[0022] Preferably the working fluid compressor and 
the expansion turbine employ seals of a kind which min- 
imise leakage of working fluid out of the working fluid 
cycle. 20 
[0023] Accordingly, instead of conventional labyrin- 
thine seals, either dry gas seals or floating carbon ring 
seals are used. Even so, it is desirable that the appara- 
tus includes a source of make-up working fluid. By min- 
imising the loss of working fluid, the amount of make-up 25 
working fluid that is required is similarly minimised. 
Since the working fluid is typically required at a pressure 
in the range of 10 to 20 bar (1000 to 2000 kPa) on the 
low pressure side of the cycle, this helps to keep down 
the size of any make-up working fluid compressor that 30 
might be required. If nitrogen is selected as the working 
fluid, a source of nitrogen which is already at the nec- 
essary pressure may be employed so as to obviate the 
need for any make-up working fluid compressor what- 
ever. For example, the source of the make-up nitrogen 35 
may be a bank of compressed nitrogen cylinders or, if 
the ship is provided with a source of liquid nitrogen, a 
liquid nitrogen evaporator of a kind that is able to pro- 
duce gaseous nitrogen as a chosen pressure in the 
range of 1 0 to 20 bar. Such liquid nitrogen evaporators 40 
are well known. If desired, a third pre-assembly com- 
prising the make-up working fluid supply means on a 
third platform may be employed. 
[0024] The apparatus according to the invention will 
now be described by way of example with reference to 45 
the accompanying drawings in which: 

Figure 1 is a schematic diagram of a first ship board 
natural gas reliquef action apparatus; 

50 

Figure 2 is a schematic diagram of a second ship- 
board natural gas reliquefaction apparatus, and 

Figure 3 is a schematic diagram of a third shipboard 
natural gas reliquefaction apparatus. 55 

[0025] Referring to Figure 1 of the drawings, a ship 
(not shown) has in its hold thermally insulated tanks 4 



(of which only one is shown) for the storage of liquefied 
natural gas (LNG). 

[0026] Typically, the ship has two or more such tanks 
4. The natural gas reliquefaction apparatus which will 
be described below is an apparatus that is common to 
all of the tanks. To this end, the tanks 4 share a common 
vapour header 12, a common spray liquid header 14, a 
common condensate return header 16, and a common 
liquid header 1 8. The spray liquid header is typically em- 
ployed for cooling the tanks 4 after they have discharged 
a shipment of LNG to a shore-based installation. As will 
be described below, the spray liquid header 14 is also 
utilised, in accordance with the invention, in diluting va- 
pour supplied from the vapour header 12. 
[0027] As LNG boils at cryogenic temperatures, it is 
not practically possible to prevent continuous vaporisa- 
tion of a small proportion of it from the storage tanks 4. 
At least the majority of the resulting vapour flows out of 
the top of the storage tanks 2 to the vapour header 12. 
The header 1 2 communicates with a boil-off compressor 
20, typically located in a cargo machinery room 8A of a 
deckhouse 6 with its motor 22 located in the motor room 
8B of the deckhouse 6, there being a bulkhead sealing 
arrangement 24 associated with the shaft 26 of the com- 
pressor 20. As shown, the compressor 20 has two stag- 
es 28 and 30 to compress the boiled-off vapour to a suit- 
able pressure. Upstream of the inlet to the first stage 28 
of the compressor 20 is a mixing chamber 32. The entire 
flow of the vapour to the compressor 20 passes through 
the mixing chamber 32. Because nitrogen is more vol- 
atile than methane, the vapour taken from the tanks 4 
has a higher mole fraction of nitrogen than the liquid 
stored in these tanks. In order to reduce the nitrogen 
mole fraction of the fluid received by the boil-off com- 
pressor 20, the vapour is mixed in the mixing chamber 
with LNG supplied from the tanks 4. To this end, each 
tank 4 has a submerged LNG pump 34 operable to 
pump LNG at a desired elevated pressure (typically in 
excess of 4 bar) to the spray liquid header 1 4. The LNG 
flows from the spray liquid header 14 via a temperature 
control valve 36 to a spray header 38 located in the 
chamber 32. The mixing chamber 32 and the valve 36 
are arranged so as to maintain a constant temperature 
at the exit of the mixing chamber 32 and hence at the 
inlet to the first stage 28 of the compressor 20. Thus, 
the valve 36 is of a kind the setting of which is able to 
be changed in response to temperature signals from a 
temperature sensor (not shown) so as to maintain the 
sensed temperature essentially constant. Essentially all 
the LNG sprayed into the mixing chamber 32 through 
the spray header 38 evaporates therein, thus reducing 
the temperature of the boiled-off vapour. The resulting 
mixture flows into a phase separator 40 fitted with a pad 
42 of demisting absorbent so as to extract from the va- 
pour any residual droplets of liquid. Any liquid separated 
in the phase separator 40 is returned to the tanks 4 by 
gravity. 

[0028] The vapour from the phase separator 40 is 
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compressed in the compression stages 28 and 30 of the 
compressor 20. The resulting compressed vapour flows 
from the compressor 20 to another mixing chamber 44 
in which it is mixed with and chilled by a further flow of 
liquefied natural gas taken from the storage tanks 4 via 
the spray liquid header 14. The arrangement of the mix- 
ing chamber 44 is analogous to that of the mixing cham- 
ber 32. The mixing chamber 44 is thus provided with a 
spray header 46 supplied with the LNG through a flow 
control valve 48 whose operation is analogous to that of 
the flow control valve 36. In operation, the valve 48 is 
arranged so as to set the temperature at the inlet to a 
condenser 50. Therefore, not only does operation of the 
mixing chamber 44 effect a reduction in the mole fraction 
of nitrogen in the fluid flowing to the condenser 50, it 
also has the effect of controlling the inlet temperature to 
the condenser 50. 

[0029] Refrigeration for the condenser is provided by 
an essentially closed working fluid refrigeration cycle. 
The working fluid is preferably nitrogen. Nitrogen at the 
lowest pressure in the cycle is received at the inlet to 
the first compression stage 62 of a single compression/ 
expansion machine 60 (sometimes referred to as a 
"compander") having three compression stages 62, 64 
and 66 in series, and downstream of the compression 
stage 66, a single turbo-expander 68. The three com- 
pression stages in the turbo-expander are all ope rati vely 
associated with a drive shaft 70 which is driven by a mo- 
tor 72. The compression-expansion machine 60 is lo- 
cated entirely in the cargo motor room 8B. In operation, 
nitrogen working fluid flows in sequence through the 
compression stages 62, 64 and 66 of the compression- 
expansion machine 60. Intermediate stages 62 and 64 
it is cooled to approximately ambient temperature in a 
first interstage cooler 74, and intermediate compression 
stages 24 and 26, the compressed nitrogen is cooled in 
a second interstage cooler 76. Further, the compressed 
nitrogen leaving the final compression stage 66 is 
cooled in an after-cooler 78. Water for the coolers 74, 
76 and 78 may be provided from the ship's own clean 
water circuit (not shown) and spent water from these 
coolers may be returned to the water purification system 
(not shown) of this circuit. 

[0030] Downstream of the after-cooler 78 the com- 
pressed nitrogen flows through a first heat exchanger 
80 in which it is further cooled by indirect heat exchange 
with a returning nitrogen stream. The heat exchanger 
80 is located in a thermally-insulated container 82 some- 
times referred to as a "cold box M . The heat exchanger 
80 and its thermally-insulated container 82 are, like the 
compression-expansion machine 60, located in the car- 
go motor room 8B of the ship. 

[0031] The resulting compressed, cooled, nitrogen 
stream flows to the turbo-expander 68 in which it is ex- 
panded for the performance of external work. The ex- 
ternal work is providing a part of the necessary energy 
needed to compress the nitrogen in the compression 
stages 62, 64 and 66. Accordingly, the turbo-expander 



68 reduces the load on the motor 72. The expansion of 
the nitrogen working fluid to the effect of further reducing 
its temperature. As a result it is at a temperature suitable 
for the partial or total condensation of the compressed 

s natural gas vapour in the condenser 50. The nitrogen 
working fluid, now heated as a result of its heat ex- 
change with the condensing natural gas vapour, flows 
back through the heat exchanger 80 thereby providing 
the necessary cooling for this heat exchanger and from 

io there to the inlet of the first compression stage 62 thus 
completing the working fluid cycle. 
[0032] Although it is possible to liquefy the entire flow 
of natural gas through the condenser 50 only some (typ- 
ically from 80 to 99%) of the natural gas is in fact con- 

15 densed. The mixture of condensate and residual vapour 
flashes through an expansion valve 82, its pressure 
thereby being reduced to the pressure in the ullage 
space of the tanks 2. Typically, therefore, further vapour 
is formed by the passage of the liquid through the valve 

20 82. 

[0033] The mixture of gas and liquid passing out of 
the valve 82 flows into a mixer 84 which may, for exam- 
ple, be in the form of a venturi or other mixing device in 
which it is mixed with a stream of liquid taken from the 

25 spray liquid header 14. The mole fraction of the nitrogen 
in the natural gas mixture leaving the mixing chamber 
84 is therefore less than that of the mixture leaving the 
valve 82. The resulting diluted mixture of LNG and nat- 
ural gas vapour flows in to the condensate return header 

30 16 and from there in to the LNG held in the storage tanks 
4 through injectors 86 (only one of which is shown in the 
drawing). The injectors 86 are arranged so as to enable 
undissolved gas to be injected into the liquid in the stor- 
age tanks or in the form of fine bubbles. This arrange- 

35 ment facilitates the dissolution of gas, particularly when 
the liquid in the tanks 4 is at its normal level. The disso- 
lution of gas is also facilitated if the injectors 86 are of a 
kind which create turbulence in the stored LNG. Further, 
the dissolution of gas in the stored LNG is also facilitated • 

40 if turbulence is created in the mixture of gas and liquid 
flowing to the injectors 86. 

[0034] Preferably, the mixing chambers 32 and 44, 
the condenser 50, the phase separator 40, and the mix- 
er 84, and associated pipework are all located in a single 

45 cold box (not shown) and formed as a pre-assembly on 
a skid-mounted platform (not shown). 
[0035] The apparatus shown in the drawing is typical- 
ly operated in two distinct modes according to whether 
the ship is transporting a full load of LNG from a filling 

so depot to a discharge depot or whether it is returning from 
the discharge depot to the filing depot. When the ship is 
fully laden with LNG its tanks 4 normally contain a depth 
of liquid natural gas in the order of 20 to 30 metres. The 
composition of the LNG will vary according to its source. 

55 Although the actual nitrogen content in the LNG may be 
relatively low, for example in the order of 0.5% by vol- 
ume, the boil off gas contains in the order of 10% by 
volume of nitrogen. If this boil-off gas condenses at a 
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pressure in the order of 4 bar and is flashed back into 
the storage tank at a pressure of about 1 bar the flash 
gas contains in the order of 50% by volume nitrogen. As 
a result, the returning flash gas tends to enrich the gas 
in the ullage space of the storage tanks 4 significantly 5 
in nitrogen. The amount of work in refrigerating the con- 
denser 46 also increases significantly with increasing ni- 
trogen content of the boil-off gas. The method and ap- 
paratus according to the invention do however counter- 
act this tendency towards enrichment in nitrogen of the 10 
gas phase in the storage tank. 

[0036] The actual pressure in the ullage space of the 
storage tanks is normally set by the inlet guide vanes 
(not shown) of the boil-off gas compressor 20. The pres- 
sure is set to be a little above 1 bar. The inlet tempera- 15 
ture to the inlet of the compressor 20 can fluctuate quite 
widely, but when the storage tanks 4 are fully laden the 
temperature of the boil-off gas is normally in the order 
of -140°C, which is an acceptable inlet temperature for 
the boil-off gas compressor 20. In these circumstances, 20 
the valve 36 can be closed and the boil-off gas caused 
to by-pass the mixing chamber 32 and, if desired, the 
phase separator 40, and flow straight to the inlet of the 
compressor 20. A substantial temperature rise is, how- 
ever, caused by the compression of the gas in the two 25 
stages 28 and 30 of the boii-off gas compressor 20. The 
mixing chamber 44 is operated so as to reduce the tem- 
perature of the gas again to near its condensation tem- 
perature. Thus, for example, the gas may be cooled to, 
say, -130°C in the mixing chamber 44. The valve 48 is 30 
set accordingly. Although the dilution of the gas in the 
mixing chamber 44 adds to the mass of fluid that has to 
be refrigerated by the closed circuit refrigeration appa- 
ratus, this increasing work is more than offset by reduc- 
tion in the mole fraction of nitrogen in this fluid and by 35 
the reduction in its temperature. In addition, the pre- 
cooling section of the condenser 56 is smaller than it 
would be were the mixing in the chamber 44 to be omit- 
ted. Normally an amount of LNG at a rate up to 25% by 
weight, particularly between 20% and 25% by weight, 40 
of the rate of flow of boiled-off vapour is added in the 
mixing chamber. Typically, when the ship is fully laden 
from 80 to 99% by volume of the gas entering the con- 
denser 50 is condensed therein. The resulting liquid is 
typically flashed to a pressure of 2 bar through the valve 45 
82. (This pressure needs to be greater than 1 bar so as 
to over come the head of liquid in the storage tanks 4). 
Typically, the LNG supplied from the spray liquid header 
14 is flashed through a valve 88 into the mixer 84. Typ- 
ically, the total flow rate of LNG from storage in to the so 
flow path is some five to ten times the original flow rate 
of the boiled-off vapour. By returning the fluid to the bot- 
tom of the storage tanks 4 and arranging for the gas to 
be introduced into the liquid in the form of fine bubbles, 
not all of this nitrogen will typically enter the ullage 55 
space. Instead, most of it will typically dissolve in the 
LNG. Accordingly, the proportion of nitrogen in the gas 
phase in the storage tanks 4 is kept down and the ten- 



dency for the concentration of nitrogen in the ullage 
space of the tanks 4 to fluctuate is also reduced. 
[0037] For safety reasons, when the tanks discharge 
their load of LNG (via the liquid header 1 8) a small pro- 
portion of the LNG is retained. Typically, the depth of 
LNG in the tanks 4 is reduced to about 1 metre. As a 
result, during the voyage back to the LNG supply instal- 
lation, there is a tendency for the temperature in the ul- 
lage space to be much higher than it is when the tanks 
4 are fully laden. In order to counteract this tendency, 
there may be a continuous recirculation of LNG via the 
spray liquid header 14 and spray nozzles 92, at least 
one such nozzle being located in each tank 4, or such 
a recirculation at the end of its return voyage (so as to 
pre-cool the tanks 4 prior to their being charged with a 
fresh amount of LNG). Nonetheless, the temperature of 
the vapour in the ullage space can rise to above -1 00° C. 
Now, the mixing chamber 32 and the phase separator 
40 are not by-passed and the valve 36 is set such that 
sufficient LNG is sprayed into the chamber 32 through 
the spray header 38 so as to reduce its temperature to 
approximately -140°C. Typically, LNG is added at this 
location at a rate up to 25% by weight, particularly be- 
tween 20% and 25% by weight, of the rate of flow of the 
boiled-off gas in to the mixing chamber 32. This enables 
there to be made a substantial saving in the power con- 
sumed by the boil-off gas compressor 20 and the work- 
ing fluid compressor 60. In other respects, the operation 
of the apparatus shown in the drawing is similar to when 
the tanks are fully charged with LNG. However, in view 
of the reduction in the depth of LNG in the tanks 4, very 
little of the gas introduced with the condensate through 
the injectors 86 will actually dissolve. 
[0038] Whether or not the tanks are fully charged with 
LNG, the operation of the working fluid cycle remains 
substantially unaltered. The circulating nitrogen working 
fluid typically enters the first compression stage 62 of 
the working fluid compressor 60 at a temperature in the 
order of 20 to 40°C in a pressure in the range of 12 to 
1 6 bars. The nitrogen leaves the after-cooler 78 typically 
at a temperature in the range of 25 to 50°C and a pres- 
sure in the range of 40 to 50 bars. It is typically cooled 
to a temperature in the order of -110 to -120°C in the 
heat exchanger 80. It is expanded in the turbo-expander 
68 to a pressure in the range of 12 to 16 bar at a tem- 
perature sufficiently low to affect the desired condensa- 
tion of the natural gas in the condenser 50. 
[0039] Although the nitrogen working fluid cycle is es- 
sentially closed, there is typically a small loss of nitrogen 
through the seals of the various compression and ex- 
pansion stages of the compression-expansion machine 
60. As mentioned above, such losses can be minimised 
by appropriate selection of seals. Nonetheless, it is still 
desirable to provide the closed circuit with make-up ni- 
trogen. This is preferably at the lowest nitrogen pressure 
in the circuit. 

[0040] Various modifications and additions may be 
made to the apparatus shown in the drawing. For exam- 
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pie, the heat exchanger 80 could be located in the cargo 
machinery room 8A of the ship instead of the cargo mo- 
tor room 8B. 

[0041] In another modification, diffuse rs can be sub- 
stituted for the injectors 86. 

[0042] Another modified apparatus is shown in Figure 
2 of the accompanying drawings. The main difference 
between the apparatus shown in Figure 2 and that 
shown in Figure 1 is that the mixing chambers 32 and 
44 are supplied with liquefied natural gas from a region 
of the condensate path intermediate the condenser 50 
and the valve 82. As a result, during normal, fully laden, 
operation of the tanks 4 the pump 34 need not be oper- 
ated. Therefore, there will not normally be any mixing in 
the mixer 84. However, during any period of operation 
in which the tanks 4 contain only a small amount of liq- 
uefied natural gas, the pump 34 may be actuated so as 
to supply LNG from storage to the mixer 84, thereby 
compensating in this mode of operation for the higher 
temperature and higher nitrogen content of the vapour 
to be condensed and the insufficient mixing capability 
of the injectors 86 in shallow liquid. 
[0043] In addition, the phase separator 40 and the pad 
42 present in the apparatus shown in Figure 1 are omit- 
ted from the apparatus shown in Figure 2. In other re- 
spects, the apparatus shown in Figure 2 and its opera- 
tion are similar to that shown in Figure 1 . 
[0044] Referring now to Figure 3 of the accompanying 
drawings, the apparatus shown therein is generally sim- 
ilar to that shown in Figure 2 save that the mixing cham- 
ber 44 and its ancillary equipment are omitted. Accord- 
ingly, during normal, fully laden, operation of the tanks 
4, there is mixing only in the chamber 32, but during 
lightly laden operation, the pump 34 is actuated and mix- 
ing takes place in the mixer 84 as well. 



Claims 

1. A method of reliquefying vapour boiled off from liq- 
uefied natural gas held in a storage tank comprising 
compressing the vapour, at least partially condens- 
ing the compressed vapour, and returning the con- 
densate to the storage tank, characterised in that 
the boiled off vapour is mixed upstream of the com- 
pression with liquefied natural gas. 

2. A method according to claim 1 , characterised in 
that the mixing upstream of the compression is con- 
trolled so as to keep the temperature constant at 
the inlet to the compression. 

3. A method according to claim 1 or claim 2, charac- 
terised in that the boiled-off vapour is mixed, at a 
location downstream of the compression of the va- 
pour but upstream of the at least partial condensa- 
tion of the compressed vapour, with liquefied natu- 
ral gas. 
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4. A method according to claim 3, characterised in 
that the mixing at the said location is controlled so 
as to maintain a constant vapour temperature at the 
inlet to the condensation. 

5 

5. A method according to any one of the preceding 
claims, characterised in that the condensate is 
mixed with liquefied natural gas, the pressure of the 
condensate being reduced upstream of the mixing 

10 of the condensate with liquefied natural gas. 

6. A method according to any one of the preceding 
claims, characterised in that the condensate is re- 
turned to the storage tank at a position below the 

15 surface of the liquefied natural gas stored therein. 

7. A method according to claim 6, characterised in 
that gas bubbles in the returning condensate are 
introduced in finely divided form into the liquefied 

20 natural gas held in the storage tank. 

8. A method according to any one of the preceding 
claims, characterised in that cooling for the con- 
densation is provided by refrigerant flowing in an es- 

25 sentially closed refrigeration cycle. 

9. Apparatus for reliquefying vapour boiled-off from 
liquefied natural gas held in a storage tank compris- 
ing, the apparatus comprising a flow circuit compris- 

30 ing a vapour path extending from the tank through 
a compressor to a condenser for at least partially 
condensing compressed boiled-off vapour and a 
condensate path extending from the condenser 
back to the storage tank, characterised in that the 

35 apparatus additionally comprises a conduit for the 
flow of liquefied natural gas into at least one mixer 
forming part of the flow circuit upstream of the com- 
pressor. 

40 10. Apparatus according to claim 9, characterised in 
that there is a second mixer at location downstream 
of the compressor but upstream of the condenser. 

11. Apparatus according to claim 9 or claim 10, char- 
45 acterised in that there is a third mixer downstream 

of a valve for reducing the pressure of the conden- 
sate. 

12. Apparatus according to any one of claims 9 to 11, 
50 characterised in that the condensation path termi- 
nates below the surface of the liquefied natural gas 
in the tank. 
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